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NONCONTACT CONDUCTIVITY MEASURING INSTRUMENT 

TECHNICAL FIELD 
[0001] 

The present invention relates to measurement of conductivity, 
particularly to the noncontact measurement of the conductivity using a 
microwave. 

BACKGROUND ART 
[0002] 

The measuring method with the microwave is adopted in the 
noncontact conductivity measurement of a silicon wafer (see Non-Patent 
Reference 1 and Patent Reference l). The noncontact measurement can be 
realized by using the microwave which can propagate through air. The 
microwave has an advantage that reaction of the microwave is directly 
associated with electric properties of a sample. 

However, currently there is no instrument dedicated to the sample 
measurement with the microwave, and a network analyzer which measures 
an S parameter of a passive and active network of an electronic instrument 
is usually used as an alternative to the dedicated instrument. Because the 
network analyzer is large and expensive, it is difficult that the network 
analyzer is used as an industrial instrument. 
[0003] 

Non-Patent Reference 1* Ju, Y., Inoue, K., Saka, M., and Abe, H., 
Contactless measurement of electrical conductivity of semiconductor wafers 
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using the reflection of millimeter waves, Journal of Applied Physics Letters, 
Vol.81nl9, 2002, pp. 3585-3587 

Patent Reference l: Japanese Patent Laid-Open No. 2004-177274 

DISCLOSURE OF THE INVENTION 
Problems to be Solved by the Invention 
[0004] 

An object of the invention is to solve the above problems to provide a 
compact instrument for performing the noncontact measurement of the 
conductivity using the microwave. 
Means for Solving the Problems 
[0005] 

In order to achieve the above object, the invention is a noncontact 
conductivity measuring instrument using a microwave, the noncontact 
conductivity measuring instrument characterized by including an oscillator 
which performs oscillation of the microwave; a circulator which is connected 
to the oscillator; a horn antenna which is connected to the circulator, the 
horn antenna transmitting the microwave to a sample and receiving a 
reflected wave; a detector which is connected to said circulator, the detector 
outputting a voltage proportional to a square of magnitude of the received 
microwave; and computing means for inputting said voltage to compute 
conductivity. 

It is also possible that the circulator is in contact with the oscillator 
through an isolator in order to decrease a standing wave which has an 
influence on instrument operation. 

When a silicon wafer is measured, a frequency of the microwave 
oscillating in the oscillator may be set at 94 GHz. 
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Effects of the Invention 
[0006] 

According to the above configuration, a noncontact conductivity 
measuring instrument having a simple and compact configuration in which 
the microwave is used can be provided. 

MODE FOR CARRYING OUT THE INVENTION 
[0007] 

An embodiment of the invention will be described below with 
reference to the drawings. 

Conductivity Measuring Instrument Configuration with 
Microwave> 

A configuration of an instrument for performing the noncontact 
measurement of the conductivity using the microwave according to an 
embodiment of the invention will be described with reference to Fig. 1. The 
conductivity measurement of the silicon wafer will be described below by 
way of example. 

The microwave oscillating in an oscillator 110 with a Gunn diode is 
applied to a silicon wafer 150 through an isolator 120, a circulator 130, and a 
horn antenna 140. The isolator 120 is used in order to decrease the 
standing wave which has an influence on the instrument operation. Then, 
the reflected wave is received by the same horn antenna 140, detected by a 
detector 160 connected to the circulator 130, and outputted as the voltage. 
An output voltage proportional to the square of amplitude of an electric field 
is obtained in the detector 160. The output voltage is converted into a 
digital signal by an AT) converter and inputted to a computer (not shown). 
Because the amplitude of the wave reflected from the silicon wafer 150 is 
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proportional to an absolute value of reflectance, the output voltage is also 
proportional to the square of the absolute value of the reflectance. There is 
a given relationship between the reflectance and the conductivity, the 
conductivity of the silicon wafer 150 can be determined by computing a 
relation with the computer. A principle and the like will be described in 
detail below. 
[0008] 

<Principle of Conductivity Measurement with Microwave> 
In the above configuration, the silicon wafer conductivity 
measurement is performed by measuring the reflectance of the microwave 
with which the silicon wafer is irradiated. The principle of the silicon wafer 
conductivity measurement will be described below. As shown in Fig. 2, it is 
assumed that a three-layer slab made of materials 1, 2, and 3 is irradiated 
with the microwave from the material 1 in a z-axis direction. At this point, 
in consideration of the actual measurement, the materials 1 and 3 are set to 
the air and the material 2 is set to the silicon wafer. Where Ei + and Er (i = 
1, 2, and 3) indicate the amplitude of the electric field propagating through 
each material i in positive and negative directions with respect to the z axis, 
eo and jao are permittivity and permeability in the air respectively. 82. 1^2, 
and G2 are permittivity, permeability, and conductivity of the silicon wafer 
respectively, and d is a thickness of the silicon wafer. E r5 bar is the wave 
reflected from a surface of the silicon wafer, i.e., from an interface between 
the materials 1 and 2. E r b bar is the microwave which is reflected from the 
boundary between the materials 2 and 3 to return to the material 1 after 
part of the irradiation microwave is incident to the silicon wafer. The wave 
reflected from the silicon wafer is given by a vector sum of E r3 bar and E r b bar, 
and the amplitude of the reflected wave is Er bar. The electric field and a 
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magnetic field in each material are expressed as a positional function in the 

zdirection. 

[0009] 

Maxwell equations in the three-layer slab are obtained as follows: 
[Formula l] 

E l (z) = x[E;e- iPl2 + E 1 -e jP ' z ] (1) 
H ) (z) = i-[E;e- j,1 ' z t[f ]] ^E^ 2 ] (2) 
E 2 (z) = x[E*e- a "- jPlZ + E;e a =" iP ' z ] (3) 
H,(z) = -i-[E;e- 0 '*- ip = z -E:e^^ z ] (4) 

E 3 (z) = x[E;e- iW ] (5) 

H J (z) = ^-[E;e- jP ' z ] (6) 
Is 

n,=Tu=E (?) 

(8) 

Y 2 



Y 2 =a 2 +jP J = jco>/^[[e]l^ Jl-^ 

V cue 



(9) 



Where Ei bar and Hi bar indicate the electric field and the magnetic field in 

each of the materials (x = 1 to 3). [[j = ^"(-l)]] j = V (-l) ;ni and r\3 indicate an 

characteristic impedance of the air, and ri2 indicates the characteristic 

impedance of the silicon wafer. y2 is a propagation coefficient of the silicon 

wafer, and ct2 and p2 show a real part and an imaginary part of 72 

respectively. Pi and pa show the imaginary part of the propagation 

coefficient of the air. © is an angular frequency of the microwave. The 

obtained Maxwell equations satisfy boundary conditions at z=0 and z=d, 

given by the following equations (ll) to (14). 

[Formula 2] 
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E l (0)=E 2 (0) (11) 
H l (0) = H 2 (0) (12) 
E 2 (d) = E 3 (d) (13) 
H 2 (d) = H 3 (d) (14) 

Further, because the silicon wafer is a nonmagnetic material, the following 
equation can be given. 
[Formula 3] 



H = Ho (15) 



From the above equations (l) to (15), reflectance T is obtained by the 
following equations (16) to (18) when the microwave is incident to the silicon 
wafer. At this point, since the permittivity and the permeability of the 
silicon wafer are kept constant, T is determined as a function of the 
conductivity 02 and the thickness d. 
[Formula 4] 



Hi 1 !: + n>n3 + 0l2 + nin3)tanh(cud + jp 2 d) 



(16) 



12 



h^^lap^&W+Oi +^2) (18) 



[0010] 

Then, the reflection of the microwave on the silicon wafer surface will 
be examined. Reflectance Ts of the microwave on the silicon wafer surface 
is given by the following equation (19), and the equation (19) is the function 
of only the conductivity 02. 
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[Formula 5] 

Uh^Jh (19) 
n, + 12 

When an absolute value of reflectance |Tsl on the silicon wafer 
surface and an absolute value of reflectance I r| are compared to each other 
using the equations (16) and (19), the result of a table shown in Fig. 3 is 
obtained. The table of Fig. 3 shows the ratio computed under the conditions 
of the conductivity (S/m)* row and the thickness (jim): column. In Fig. 3, the 
difference between the absolute value of reflectance I Tsl on the silicon wafer 
surface and the absolute value of reflectance |r| is not more than 1% under 
the conditions of the thickness and conductivity in the shaded regions. 
Therefore, under these conditions, the absolute value of reflectance I T ! can 
be determined by the absolute value of reflectance I Ts I on the silicon wafer 
surface, i.e., the conductivity o while being independent of the thickness d. 
[0011] 

<Frequency Used for Measurement 

The optimum microwave frequency for the conductivity 
measurement of the silicon wafer will be examined. 

The microwave frequency applied during the conductivity 
measurement is determined by considering an effect of the wafer thickness 
for a complex conductivity and the reflectance in the frequency region. 
Frequency dependence of the complex conductivity of the metal material 
(including the silicon wafer) is given by the equation (20) from a Drude 
model. 
[Formula 6] 
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o w = 7%- (20) 

Where © is the angular frequency of the microwave, Oa> is the complex 
conductivity of the silicon wafer at co, adc is the conductivity (only real part) 
of direct current (dc) or the low frequency, x is a mean collision time of 
electrons, and [[ j = V" (-1)]] j = V (-1J . 
[0012] 

The collision time of the metal (copper) is 3.33xl0~ 14 sec at room 
temperature. At this point, when the frequency is not more than 100 GHz, 
1 » ox holds and approximation of a* = adv can be obtained. In this case, it 
may be thought that the collision time of the silicon wafer is similar to the 
collision time of the metal. Therefore, in the silicon wafer, it can be thought 
that o«> = adv holds when the frequency is not more than 100 GHz, and it is 
not necessary to consider the influence of the frequency on the conductivity. 

On the other hand, when the frequency is increased, microwave 
attenuation is increased inside the silicon wafer, which allows the reflection 
from the bottom surface of the wafer to be neglected. Therefore, it can be 
thought that the wave is reflected only from the upper surface of the wafer, 
and the wafer thickness does not have the influence on a response signal of 
the microwave. In the conductivity measurement on which the wafer 
thickness does not have the influence, it is desirable that a high frequency is 
applied. 

From the two above conflicting reasons, the frequency of 94 GHz 
which is considered to be the most suitable for the conductivity measurement 
of the silicon wafer was used in the embodiment described below. 
Embodiment 
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[0013] 

In the configuration of the measuring instrument with the 
microwave, actually the silicon wafer was used to measure the conductivity. 

Seven n-type silicon wafers Si to S7 were prepared as a specimen. 
In the silicon wafers Si to S7, a diameter was 100 mm, the thickness was 
525±25 |im, and P was doped. The silicon wafer used in the measurement 
was formed by a cz method, and mirror polishing was performed to the 
surface used in the measurement. The silicon wafer conductivity o 
measured by the four-probe method ranged from 58 to 212 S/m. A copper 
plate, in which the conductivity was 2.8xl0 7 S/m and the dimensions were 
50x50x2 mm, was also prepared. It is assumed that the absolute values 
and the output voltages of the reflectance of the silicon wafers Si to S7 are set 
at I I"k I and vk (k = 1 to 7) respectively and the reflectance and the output 
voltage of the copper plate are set at I To, I and v cu respectively. At this 
point, because it is thought that the total reflection of the microwave is 
generated on the copper plate surface, i.e., I Ten 1=1, I Ik I is given by the 
following equation. 
[Formula 7] 




In the measurement, a part of the microwave is reflected at the 
leading end of the sensor. Therefore, the microwave detected by the 
detector becomes the vector sum of the wave reflected from the leading end of 
the sensor and the wave reflected from the subject to be measured. At this 
point, when a phase of the wave reflected from the subject to be measured is 
changed from a change in stand-off distance, the detected microwave is also 
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changed. That is, in the measurement with the microwave, it is necessary 

that the stand-off distance is always kept constant. 

[0014] 

TABLE 1 shows the conductivity o obtained by the four-probe method, 
the output voltage vk obtained by the microwave measurement, and 
reflectance I Tkl obtained from the equation (21) for the seven silicon wafers. 
The output voltage v cu for the copper plate was 0.8654V. 

[TABLE 1] 



N o 


a [S/m] 


v k [V] 


1 r k I 


s t 


5 8. 2 


0.179 


0 . 4 5 5 


s 2 


6 3. 3 


0 . 19 4 


0. 47 3 


s 3 


7 8. 9 


0 . 2 2 6 


0. 5 11 


s 4 


9 1. 7 


0 . 2 4 9 


0. 5 3 6 


s 5 


12 5. 0 


0. 3 0 6 


0 . 5 9 5 


s e 


2 0 5. 2 


0 . 4 0 8 


0. 6 8 6 


S; 


2 12. 0 


0 . 4 16 


0. 6 9 3 



The difference was observed between jTkl and iTsl. This is 
attributed to the influence of the reflection except for the silicon wafer 
surface, directivity of the sensor, microwave leakage in the component of the 
instrument, and the like. However, there is the one-to-one relationship in 
the |Tkl and the conductivity. Therefore, the conductivity of the silicon 
wafer can be measured by measuring the absolute value of reflectance I rvl . 
[0015] 

Then, whether the conductivity measurement is enabled or not will 
be examined. First the relation between the absolute value of effective 
reflectance and the conductivity was determined using Si, S3, S5, and St. 
[Formula 8] 
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o m =c l |r k | 3 + c 2 |r k | 2 + c 3 |r k | + c 4 (22) 

Where o m is the conductivity evaluated by the microwave measurement of 
the configuration shown in Fig. 1, Ci (i = 1 to 4) is a constant, and Ci = 412.4 
S/m, C 2 = 407.1 S/m, C 3 = 128.5 S/m, and C 4 = 10.4 S/m. Then, o m was 
determined for S2, S4, and Ss using the obtained relation (22). The results 
are shown in Fig. 4. As shown in Fig. 4, there is a good agreement between 
the evaluation result and the measurement result obtained by the four probe 
method, and it was proved that the noncontact evaluation of the conductivity 
was able to be performed. Accordingly, it is expected that the on-line 
conductivity evaluation of the silicon wafer is performed independently of 
the thickness of the silicon wafer. 
[0016] 

It is thought that the permittivity and the permeability of the silicon 
wafer are constant. At this point, the conductivity of the silicon wafer can 
be determined by the equation (22) using the microwave when the 
experimental conditions are similar to the above conditions. Even if the 
experimental conditions such as the stand-off distance and the sensor are 
changed, the conductivity can be evaluated by determining the constant Ci 
again with the several silicon wafers. 

Further, when the permittivity and the permeability are constant, 
the conductivity can be evaluated for the materials, such as gallium arsenide 
(GaAs), except for the silicon wafer by determining the constant Ci with the 
several specimens. 

BRIEF DESCRIPTION OF THE DRAWINGS 
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[0017] 

Fig. 1 is a view showing an instrument configuration of an 
embodiment; 

Fig. 2 is a view showing a transmission and reflection model of a 
microwave for a silicon wafer; 

Fig. 3 is a table showing a ratio of an absolute value of reflectance 
If si on a silicon wafer surface and an absolute value of reflectance |ri, 
computed by equations (16) and (19); and 

Fig. 4 is a view showing a graph of comparison of a conductivity 
obtained by the instrument shown in Fig. 1 and a conductivity obtained by a 
conventional four-point probe method. 
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